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ABSTRACT OF THESIS 
 
 
THE REDESIGNED VORTECONE: A MAINTENANCE-  
FREE WET SCRUBBER DEVICE  
 
Dust creates health and safety issues in mining and there are several different 
ways to reduce the amount of respirable dust created.  Dust particles also affect the 
operation and efficiency of mining equipment.  One device currently used to reduce dust 
in a coal mine is a flooded-bed dust scrubber.  These type of scrubbers are found on 
continuous miners and are designed to capture dust particles close to the cutting head.  
However, the fibrous screens on the flooded-bed dust scrubber clog easily reducing both 
production and the quality and quantity of air miners are exposed too.  The flooded-bed 
dust scrubber was designed in the 1980s and has not seen any significant changes since.  
A Vortecone is a wet scrubber system designed to capture small particles in the air and 
can easily replace the flooded-bed dust scrubber system on a continuous miner.  The 
Vortecone was initially developed to capture over-sprayed paint particles and due to the 
capture ability was converted over into the mining industry.  The first design of the 
Vortecone had two outlets and a large pressure drop across the system.  The Vortecone 
was redesigned to have one outlet in order to increase confinement time of particles and 
thus increase the capture abilities.  Using CFD analysis and laboratory testing, the 
redesigned Vortecone has been proven to have a lower resistance than the original design 
as well as the currently used convention screens.  The Vortecone also proved to have a 
high capture efficiency at high airflows.  This maintenance-free wet scrubber device 
requires much less maintenance than a conventional screen and thus can be used 
continually without interrupting production.  The Vortecone has been designed so it can 
easily be mounted onto a continuous miner in place of the currently used scrubbers.       
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CHAPTER 1.  INTRODUCTION 
Dust will always be present in a coal mine.  Dust is primarily created from cutting 
operations in coal mining but loading, haulage, and other types of activity that include 
crushing or breaking coal will also create dust particles.  Coal dust particles are 
particularly bad for miners’ health and respiratory systems and a prolonged exposure can 
ultimately lead to silicosis and coal workers pneumoconiosis (CWP), otherwise referred 
to as coal mine dust lung disease (CMLDLD), or black lung.  30 U.S.C. §902(b) defines 
pneumoconiosis “as a chronic dust disease of the lung and its sequelae, including 
respiratory and pulmonary impairments, arising out of coal mine employment” 
(Weissman & Laney, 2014).  Dust particles that are small enough to remain airborne may 
be inhaled causing respiratory diseases.  CWP is prevalent in both underground and 
surface coal mining.  
Between the 1970s through the 2000s, there was a decline in CWP (Weissman & 
Laney, 2014).  However, the consumption of coal worldwide has continued to increase.  
Since 2000, the rate of CWP in coal miners has been on the rise and the years of potential 
life lost (YPLL) has also been increasing (Weissman & Laney, 2014).  This means that 
more coal miners are developing CWP at a younger age than in previous years.  Over the 
years, there have been several methods tested and used to help reduce airborne dust 
particles.  Some of these methods include water sprays, flooded bed dust scrubbers, 
screens, and stricter ventilation requirements.  Flooded bed scrubbers and water sprays 
are usually attached to the cutting machine.   
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The federal agency that regulates all mining activities, Mine Safety and Health 
Administration (MSHA), revised its previous regulations on miners’ exposure to dust in 
2014 to help reduce the risk of CWP.  The new standards lower exposure limits, require 
full-shift sampling and establish sampling requirements for mine operators, ensure that all 
persons taking dust samples are certified, and increase the medical surveillance 
requirements of coal miners  (MSHA, 2015).   
The objective of this paper is to present the findings of a newly designed full-
scale Vortecone.  The Vortecone, developed at the University of Kentucky with the help 
of Toyota and Trinity engineers, was initially designed to help capture paint particles 
released when spray-painting a vehicle (Amari, 2013).  The original Vortecone has two 
lobes on each side of the inlet, each with its own outlet.  The new design of the Vortecone 
is intended to fit on a continuous miner in an underground coal mine where vertical space 
may be limited.  In order to reduce the height of the Vortecone, the lobes were placed 
next to each other on the same plane and expel the captured particles via the same outlet.     
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CHAPTER 2. LITERATURE REVIEW 
2.1 Coal Mine Dust Lung Diseases (CMDLD) 
There are several types of respiratory diseases that are caused by the inhalation of 
dust created during mining activities.  These diseases all fall under the category of “coal 
mine dust lung disease” (CMLD).  CMLD cannot be cured, however these diseases can 
be prevented.          
 Coal is one of the most used energy sources worldwide and as long as there has 
been coal mining, there has been black lung.  Pneumoconiosis is caused by deposition of 
a dust particle that has an aerodynamic equivalent diameter smaller than 10 μm into the 
lung (Joy, Colinet, & Landen, 2012).  When the dust particle settles in the lung, it causes 
a reaction of the lung that results in black lung.  There are two types of pneumoconiosis 
that coal miners are susceptible to, CWP and silicosis (Joy, Colinet, & Landen, 2012).  
CWP is directly linked to coal dust and the quartz content in the dust, whereas silicosis is 
linked to the inhalation of respirable quartz dust created by the cutting and drilling of 
rock.  CWP can range in severity from simple to complicated CWP.  Simple CWP is non-
symptomatic.  However, complicated CWP, as well as silicosis, can progress into 
progressive massive fibrosis (PMF), a deadly illness (Joy, Colinet, & Landen, 2012).  
Small round opacities found on medical radiology films less than 1 centimeter located in 
the upper zones of the lung are generally characteristics of CWP and silicosis, and if the 
opacity is greater than 1 centimeter, it is generally characterized as PMF (Weissman & 
Laney, 2014).    
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 Caplan syndrome is another disease that coal miners with pneumoconiosis and 
rheumatoid arthritis are at risk for (Weissman & Laney, 2014).  Caplan syndrome is also 
known as rheumatoid pneumoconiosis.  Well-rounded nodules, ranging from 0.5 
centimeters to several centimeters in diameter, are a sign of Caplan syndrome.  These 
nodules tend to appear on the edges of the lung and often cavitate or calcify (Weissman 
& Laney, 2014).    
 Coal miners are also at risk of dust-related diffuse fibrosis (DDF), emphysema, 
chronic bronchitis, and other chronic airway diseases (Weissman & Laney, 2014).   A 
study between coal miners and non-coal miners showed that prolonged exposure to dust 
can have an effect on causing emphysema similar to smoking (Weissman & Laney, 
2014).   
There are no known solutions or cures for CMLD.  CMLD can only be treated 
symptomatically.  The best way to prevent CMLD is to limit exposure.  The National 
Institute for Occupational Safety and Health (NIOSH) recommends that for up to a 10-
hour shift during a 40-hour work week, coal miners should not be exposed to more than 
1.00 mg/m3 of respirable coal dust and 0.05mg/m3 of respirable crystalline silica 
(Weissman & Laney, 2014).  Engineering practices and proper work practices can help 
keep exposures far below the NIOSH recommended limits.  Frequent monitoring of dust 
exposure is also a way to detect if there is any overexposure to dust.  Periodic medical 
examinations and screenings are also a way to detect CMLD.   
NIOSH offers a health surveillance program for coal miners.  The program 
consists of a chest radiography at first employment and then subsequently every five 
years after.  Participation in the program is optional.  Due to low participation rates, 
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NIOSH implemented a mobile examination van in high-mining activity areas with low 
participation (Petsonk, Rose, & Cohen, 2013).   
 
2.2 Dust Characteristics and the Respiratory Tract 
Dust is characterized by small, dry, solid particles that are projected into the air by 
natural or man-made processes.  Dust can remain suspended in the air or may settle under 
its own weight.  Most activities in coal mining are man-made processes that create dust 
such as drilling, crushing, conveying, grinding, shoveling, etc.  Dust particles settle under 
the force of gravity and can range in size from 1 to 100 μm in diameter.    
The size of an airborne dust particle is best represented by its particle aerodynamic 
diameter which is “the diameter of a hypothetical sphere of density 1.00 g/cm3 having the 
same terminal settling velocity in calm air as the particle in question, regardless of its 
geometric size, shape and true density"  (World Health Organization, 1999).  Dust 
particles are represented by its aerodynamic diameter rather than particle diameter 
because it relates to the ability of a particle to enter and deposit at different positions in 
the human respiratory tract.  Particles can enter the human body through oral or nasal 
breathing.  Nasal breathing has a much lower dust deposition rate than oral breathing due 
to the filtration of nasal hairs.  Larger particles normally deposit in the airways of the 
head, in between the entry point and the larynx.  Larger particles that do not deposit in 
the airways of the head tend to deposit in the tracheobronchial airway region and may 
either enter the body through dissolution or may be eliminated by mucociliary clearance.  
Smaller particles tend to deposit in the alveolar region of the respiratory tract  (World 
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Health Organization, 1999).  In this region, the inhaled particles can be absorbed into the 
blood causing health issues.  Figure 2-1 shows a depiction of the human respiratory tract.       
 
 
Figure 2-1: Human respiratory tract  (World Health Organization, 1999) 
 
 
2.3 Dust as a Safety Hazard  
The presence of dust in a coal mine is a serious hazard as it can lead to explosions.  
The most common locations for a gas explosion to occur in a coal mine are at the coal 
face, the heading face, and the haulage route where a high presence of coal dust is found 
(Fu & Nieto, 2015).  Methane tends to form in pockets found at the mine face.  If an 
ignition source ignites the methane, a gas explosion will occur.  This gas explosion then 
acts as an ignition source for a dust explosion.  The gas explosion propagates away from 
the face and disperses dust that may be found on the mine floor, walls, or roof.  The dust 
explosion will also travel down the entryway and can result in pressure piling and flame 
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acceleration increasing the severity of the explosion (Dastidar, Amyotte, Going, & 
Chatrathi, 2001).  
 In the United States there were 420 gas explosion disasters between the years of 
1990 and 2006 accounting for 81.90% of the total fatalities and 89.50% of the total 
accidents.  In China, there were 675 gas explosion disasters between the years of 2001 
and 2010 resulting in 44.97% of the total fatalities (Fu & Nieto, 2015).  Figure 2-2 shows 
the number of deaths in the US caused by gas explosions between the years of 1900 to 
2015.  Deaths from gas explosions significantly declined after 1970.  This is due to the 
enactment Federal Coal Mine Health and Safety act of 1969.   
 
Figure 2-2: Fatalities in the US due to coal dust explosions (Fu & Nieto, 2015) 
 
There have been several deadly mining disasters caused by gas and dust explosions. 
One of the most widely known mine explosions in the United States occurred at Upper 
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Big Branch Mine in West Virginia.  The explosion led to the death of 29 miners (Page, et 
al., 2010).  The MSHA investigation reported that it was a “small methane explosion… 
[that] encountered fuel in the form of dangerous accumulations of float coal dust and coal 
dust, which propagated the explosion…” (Page, et al., 2010).  The Benxihu Colliery 
Disaster of 1942 in China is considered the deadliest coal mining disasters taking 1,549 
lives.  The Courrieres Coal Mine Disaster, occurring in 1906 in France, took 1,099 lives.  
458 lives were lost in the 1963 Mitsui Miike Coal Mine Disaster in Japan and 439 lives 
were lost in the 1913 Senghenydd Colliery Mine Disaster in the United Kingdom.  The 
largest mining catastrophe to occur in the United States took the lives of 362 in 1907 
during the Monogah Coal Mine Disaster in West Virginia (Gupta, 2014). 
 
2.4 Mine Health and Safety Legislation in the United States  
In 1969, the Federal Coal Mine Health and Safety Act was established to create 
exposure limits to respirable dust and was followed by significant reductions in exposure 
(Petsonk, Rose, & Cohen, 2013).  The act also required federal inspections of coal mines 
and established federal benefits for miners with black lung (MSHA, 2014).  Surface 
mines are required to be inspected at least twice a year and underground operations are 
required to be inspected at least four times a year.  Penalties and violations were set into 
effect for willful violations and authorized mine inspectors were given the ability to shut 
down a mine if life-threatening hazards were found (MSHA, 2014).         
 The Mine Improvement and New Emergency Response Act (MINER Act) of 
2006 required all underground coal mines to have an accident response plan (MSHA, 
2006).  The act requires all underground mines to have a specific evacuation plan for 
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trapped miners in the case of an emergency, to increase the availability of emergency 
breathing devices, to have two-way communication between underground and surface 
personal, to have tracking systems, and revises the existing standards for mine rescue 
team.  The act also addresses requirements for underground seals and requires 
underground mines to provide refuge alternatives (MSHA, 2006).      
 The ‘Final Rule’ passed in 2014 was created to “greatly improve health 
protections for coal miners by reducing their occupational exposure to respirable coal 
mine dust and by lowering the risk that they will suffer material impairment of health or 
functional capacity over their working lives”  (MSHA, 2015).  The ‘Final Rule’ lowers 
exposure limits, redefines a normal production shift, and establishes further requirements 
for the use of Continuous Personal Dust Monitors  (MSHA, 2015).  
 
2.5 Current Dust Controls  
Coal Mines are required by law to have systems in place to control dust.  There are 
three major controls used; ventilation, water, and dust collectors (Kissell, 2003).  It is also 
important to keep the creation of dust to a minimum in order to reduce the amount that 
has to be removed from the air.   
2.5.1 Ventilation Dust Controls 
Ventilation works to reduce dust in mine air using dilution or displacement.  
Dilution ventilation essentially adds more air to an area in which operators are working in 
order to dilute the dust.  If additional barriers are needed to increase the airflow, it can be 
costly when velocities of 3,000 feet per minute are required.  Displacement ventilation is 
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the most effective dust control method if implemented correctly (Kissell, 2003).  
Displacement ventilation works by moving dust downwind of workers by sending air 
through tunnels or mine passages and away from the workers.  Continuous miners and 
tunnel boring machines on exhaust ventilation use displacement ventilation.  When 
miners are close to a dust source, it may be difficult to keep a substantial air velocity 
upwind.  When this is the case, two techniques are used: the cross-sectional area of the air 
passageway between the dust source and the miner is reduced, and the turbulence of the 
dust is decreased (Kissell, 2003).  Curtains, screens, and regulators can be used to reduce 
the cross-sectional area of the passageway.    
2.5.2 Moisture Dust Controls       
Moisture content in the air increases particle binding which can lead to lower dust 
generation depending on the material creating the dust.  Often, water sprays are used on 
mining equipment in order to reduce dust.  Continuous miners, longwalls, and conveyer 
belts are required by law to have water sprays.  However, excessive moisture content can 
lead to materials handling problems.  Most dust particles are not released into the air 
during breaking but rather stay attached to the surface of the broken materials, which is 
why it is extremely important for cutting machines in mines to have water sprays attached 
to the cutting picks.  It has been proven to be far more effective than using external 
spraying systems (Kissell, 2003).  The more water sprays there are on a piece of cutting 
equipment, the more effective it is at reducing coal dust.  Automatic on and off features 
are used on water sprays in order to reduce clogging and the overuse of water.   
Foam is another wetting method used for dust control.  Foam tends to work better 
than water and uses less water than an equivalent water spray would.  Foam works best 
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when it is mixed in with the broken materials as water does, however the cost is 
extremely high compared to water (Kissell, 2003).         
2.5.3 Dust Collectors for Dust Control 
Dust collectors are also used to reduce dust particles in the air of mines.  Dust 
collectors range from low-volume to high-volume filtration systems and can be extremely 
valuable if space is available and the collection efficiency is high.  Collectors can be 
placed in the cabs of mining equipment or on the equipment itself such as a continuous 
miner.  Dust collector efficiency is dependent on the filtration efficiency and the inlet 
capture efficiency.  The filtration efficiency is normally high, between 90-95%, however 
the inlet capture efficiency varies due to the environment.  Inlet capture efficiency tends 
to be higher when the collector is in an enclosed space rather than a more open area 
(Kissell, 2003).  Dust collectors tend to have design and maintenance issues.  Dust 
collectors are designed to cut costs and reduce the amount of maintenance required; 
however this reduced the efficiency of the collector (Kissell, 2003).  Even though dust 
collectors are designed to have minimal maintenance, screens and filters get clogged 
easily.  The dust collectors can also leak if they are not fitted properly to the equipment, 
and can be overused significantly reducing the effectiveness (Kissell, 2003).   
2.5.4 Dust Reduction as a Method of Dust Control 
Reducing the amount of dust created during the mining process, reduces the 
amount of dust that has to be removed from the mine air (Kissell, 2003).  Dust is 
generated by extraction, drilling, blasting, dropping, crushing, and conveying within a 
coal mine and there are ways to reduce the dust created during these processes.   
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During extraction, the cut depth can be changed.  Less dust is produced per pound 
of material removed with deeper cuts and large chips of materials cut (Kissell, 2003).  
Frequently replacing dull cutting bits reduces the dust produced.  A high cost option is to 
add water into coal seams through a drill hole before cutting, but it rarely done because of 
the price (Kissell, 2003).  
Dry dust collectors are used during the drilling process to reduce the amount of 
dust created.  The dry dust collector is located at the intake of the tip of the drill bit.  
Water or foam injection through the drill bit tip are also effective at reducing the amount 
of dust generated; however, wet drill bits can have issues if not properly maintained 
(Kissell, 2003).  
During the blasting process the best way to reduce exposure to dust is to blast 
during a period in which no workers will be entering the blasted area for a couple of 
hours.  This allows for the dust to settle or be carried downwind by the ventilation 
system.  Water can also be used in the blasted area to control dust.       
Crushing operations inevitably are going to create a significant amount of dust.  
Keeping crushers enclosed if possible, using local exhaust ventilation systems, and using 
water sprays help reduce dust exposure during crushing.  Using an enclosed control booth 
for operators can also reduce miner’s exposure to dust (Kissell, 2003).    
Rail will produce less dust than rubber tired vehicles during conveying of 
materials if the mine floor is dry; dust on the floor can be reduced by wetting.  Conveyor 
belts are high sources of dust generation.  Keeping transfer points between belts enclosed, 
or using dust collectors at these points can help reduce dust (Kissell, 2003).  Wetting 
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materials before conveying also controls the amount of dust released into the air.  
Wetting the underside of the belts helps keep any materials that may stick from releasing 
dust (Kissell, 2003).  Using a belt washing system and belt scrapers can also reduce the 
dust during conveying.  Ensuring that the belt is running correctly and not spilling any 
materials also keeps dust to a minimum.  Proper ventilation along beltways is a critical 
way to reduce mines exposure to dust as well.          
Dust created by dropping materials can be reduced by keeping the drop point 
enclosed or using exhaust ventilation systems (Kissell, 2003).  Fred Kissell outlined 
several dust control methods and their effectiveness as shown in Table 2-1. 
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Table 2-1: Dust control methods and effectiveness (Kissell, 2003)  
Dust Control Method Effectiveness 
(Low is 10-30%, moderate is 
30-50%, and high is 50-75%) 
Cost and Drawbacks 
Dilution ventilation Moderate High – more air may not 
be feasible 
Displacement ventilation, 
including enclosure with 
extraction of dusty airs 
Moderate to high Moderate – can be 
difficult to implement 
well 
Wetting by sprays Moderate Low – too much water 
can be a problem 
Airborne capture by sprays Low Low – too much water 
can be a problem 
Airborne capture by high 
pressure sprays 
Moderate Moderate – can only be 
used in enclosed spaces 
Foam Moderate High 
Wetting agents Zero to low Moderate 
Dust collectors Moderate to high Moderate to high – 
possible noise problems 
Reducing generated dust Low to moderate Moderate 
Enclosure with sprays Low to moderate Moderate 
Dust avoidance Moderate Low to Moderate 
 
 
2.6 Dust Sampling Methods  
Dust sampling is necessary in a mine environment to regulate conditions and limit 
miner’s exposure to dust.  There are several techniques that are used to collect dust 
samples.  Personal dust sampling has the advantage of sampling dust that a worker is 
actually breathing, whereas a fixed sampler cannot accurately measure a miner’s actual 
exposure to dust (Kissel, Volkwein, & Kohler, 2002).  A gravimetric dust sampling pump 
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was one of the first personal sampling techniques and it is still used today.  The device 
works by removing non-respirable dust particles by first passing air through an elutriator, 
a stack of horizontal plates stacked closely together, where larger particles settle (Kissel, 
Volkwein, & Kohler, 2002).  The smaller dust particles pass through the elutriator and 
are collected on a filter that can then be weighed (Kissel, Volkwein, & Kohler, 2002).  
The filter is weighed before and after use to determine the mass gained which can be used 
to calculate an average dust concentration over a sampling period  (Colinet, 2010). 
Research by the US Atomic Energy Commission showed that dust particles over 
the size of 7 µm could be removed by a 10-mm nylon cyclone (Kissel, Volkwein, & 
Kohler, 2002).  The cyclone is a funnel shaped device that removes larger dust particles 
by spinning the air flow and could be attached to the gravimetric sampling pump.  Figure 
2-3 and Figure 2-4 show how the cyclone was attached to the gravimetric sampling 
pump.  The cyclone could be attached to a miner’s chest with a short hose connecting the 
cyclone to the pump on the miner’s belt, thus creating a personal dust sampler (Kissel, 
Volkwein, & Kohler, 2002).  Figure 2-5 shows an actual gravimetric sampler worn by 
miners. 
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Figure 2-3: Gravimetric sampling pump (Kissel, Volkwein, & Kohler, 2002) 
 
 
Figure 2-4: Cyclone assembly (Kissel, Volkwein, & Kohler, 2002) 
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Figure 2-5: Gravimetric dust sampler  (Colinet, 2010) 
 
Another dust sampling technique utilizes light scattering instruments.  A light 
scattering instrument uses a light source and sensor to measure the light scattered by dust 
particles.  This provides an approximation of the dust concentration.  Readings for 
different types of dust have been characterized in laboratory settings since the 
relationship of scattered light to dust depends on particle size, composition, and the 
instrument design.  A light scattering instrument gives an instantaneous reading of dust 
concentration, however it can deviate from a personal sampler.  This deviation excludes 
the use of light sampling instruments for monitoring use in compliance with US dust 
sampling standards (Kissel, Volkwein, & Kohler, 2002).   
2.7 Overview of Particle Tracking Methods 
Particulate matter is hard to measure given it has such a small mass.  There are 
instruments on the market that can be used to successfully track and measure particulate 
matter.  These instruments work via three different methods: gravimetric, optical, and 
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microbalance.  The most important measurements relate to the particle size and 
concentration.  The smaller the particles are, the harder and more expensive it becomes to 
measure (Amaral, Carvalho Jr., Costa, & Pinheiro, 2015).    
 Gravimetric methods use the weight of the filter before and after the sampling 
period to determine the particle mass concentration; this is how the gravimetric sampler 
operates.  Optical methods use a light source and the scattering of particles to measure 
particle concentration which is how light scattering sampling devices operate.  
Microbalance methods collect particles on the surface of an oscillatory microbalance 
element.  The microbalances use the alteration of resonance frequencies to calculate the 
particulate matter (Amaral, Carvalho Jr., Costa, & Pinheiro, 2015).  Size distribution can 
also be used to measure particulate matter.  It uses aerosol sizes and concentrations along 
with other methods, such as the three mentioned earlier to determine particle mass 
concentration (Amaral, Carvalho Jr., Costa, & Pinheiro, 2015).   
Optical particle tracking methods are used to track particles within the Vortecone.  
Specifically, the TSI OPS 3300 is used to analyze the particles in this research.  The 
device counts and sizes particles from 0.3-10.0 µm in 16 channels and can perform up to 
an aerosol concentration of 3,000 particles/cm3.  The TSI OPS uses a single particle 
counting method to measure particle concentration (Kumar, 2018).  Figure 2-6 shows the 
mechanisms of the device and Table 2-2 shows the major operational parameters of the 
instrument. 
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Figure 2-6: Mechanisms of TSI OPS (TSI website)  
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Table 2-2: Operational parameters of TSI OPS 33000 (Kumar, 2018) 
Parameters Values 
Sampling time ≥ 1 s, user adjustable 
Particle sizing range 0.30-10 μm over 16 channels 
Sample flow rate 1.00 L/min 
Sheath flow rate 1.00 L/min 
Operating conditions 0 – 45° C 
0 – 96% RH 
Aerosol medium Air only 
Data storage 5 MB on-board memory (30,000 samples) 
Interfaces USB, Ethernet, or USM flash drive 
Display Digital, 5.70 in. color touchscreen 
Gravimetric sampling 37 mm filter, removable 37 mm cartridge 
Vacuum source Internal pump 
Light source Laser diode 
 
 
2.8 Overview of Currently Used Flooded-Bed Dust Scrubbers  
Flooded-bed dust scrubbers are the conventional type of scrubber used currently on 
continuous miners.  The flooded-bed dust scrubber was patented in 1983 by John A. L. 
Campbell, Daniel J. Moynihan, William D. Roper, and Earl C. Willis as a system on a 
continuous miner to reduce respirable dust.  The scrubber consists of a fan, a flooded-bed 
scrubber, a demister, a sump, and a pump.  The intake of the scrubber system is located 
adjacent to the cutter head of the machine.  Dust particles are brought into the scrubber 
and are driven by a powerful vane axial flow fan.  The particles are then trapped by the 
screen which is flooded with water in order to increase particle capture.  A demister 
follows after the screen to trap the water which is then deposited into the sump as it is 
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much heavier than air and cannot continue to flow through the system.  The dust free air 
then returns into the mine air (USA Patent No. 4,380,353, 1983).  Figure 2-7 depicts the 
components of a flooded-bed dust scrubber.     
 
Figure 2-7: Schematic of flooded-bed dust scrubber (Novak, Sottile, & Wedding, 2017)  
 
 Flooded-bed dust scrubbers can be up to 90% efficient at removing respirable coal 
dust that enters the unit (Colinet, McClelland, Erhard, & Jankowski, 1990).  However, 
the filter screen often gets clogged and can reduce the airflow by a third on every cut the 
machine makes, increasing the miner’s exposure to respirable dust (Organiscak, 2014).    
Several studies have examined the performance of the filter efficiency.  Filters 
can come in different thicknesses.  Originally, the first filter was made with 40 layers of 
stainless steel mesh, but today filters are made thinner with layers ranging from 10-30 
layers of stainless steel mesh instead.  Thinner filters allow for more air to pass through 
the scrubber, however, they are less efficient at trapping dust (Kissell, 2003).  According 
to the 2000 study performed by Colinet and Jankowski, the 30-layer filter proved to be 
90% efficient at removing respirable sized dust particles.    
 In 1990, a study compared several filters for the capture efficiency of coal dust 
and quartz.  The study analyzed a Joy 40-layer filter, a Joy 80-layer filter, a Bondina 
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filter, Dustrol 10 surfactant, Bete P48 atomizing sprays, fogging sprays, a Kon-tane filter, 
a Joy 30-layer filter, a 20% increase of quartz in the feed, and Exxon Kutwell 40 oil 
emulsion in the water spray.  The parameters were examined using 0.7-4.7 µm size 
particles.  Figure 2-8 shows the coal and quartz dust collections efficiencies of each 
parameter tested (Colinet, McClelland, Erhard, & Jankowski, 1990).   
 
Figure 2-8: Coal and quartz dust collection efficiencies for 0.7-4.7 µm (Colinet, 
McClelland, Erhard, & Jankowski, 1990) 
 
2.9 History of the Vortecone 
A Vortecone is a type of wet scrubber designed to capture small particles in the air 
and is an inertial droplet separator.  It consists of an inlet, vortex chamber, and an outlet.  
The inlet is used to take in the dust particles which then travel to the vortex chamber.  
The vortex chamber is cylindrical in nature.  The device accelerates contaminated air 
through the inlet and forces the air to rapidly change direction within the vortex chamber.  
This causes high inertial energy dust particles to shift to the outer walls of the Vortecone  
(Levy, 2017).  Water is introduced to the system at the inlet and accelerates within the 
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device along with the air.  The particles are trapped in the water, the air does a 360 degree 
turn, and then exits through the outlet.  A diffuser is attached at the bottom of the vortex 
chamber acting as an outlet for the dust particles.  Figure 2-9 shows the patent of the 
Vortecone originally developed by Abraham Salazar (USA Patent No. US 8,241,405 B2, 
2012).  The geometrical components that influence the fluid flow inside the Vortecone 
have been numbered.   
 
Figure 2-9: Patent design of the original Vortecone (USA Patent No. US 8,241,405 B2, 
2012) 
 
 
The Vortecone was developed for Toyota as a device to help capture and remove 
paint overspray left in the air when spray painting a vehicle.  The original design was 
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based off a sand dune structure found in nature.  A sand dune structure is one of the most 
efficient way to capture particles using the least amount of energy.  This Vortecone has a 
better capture capacity than other wet scrubber systems on the market and is 30 – 50% 
energy efficient  (Toda, Abraham , & Saito, 2013).   
Paint overspray and fly ash, found in coal fired power plants, both contain 
particles in the respirable range, therefore, a transition to a new use of the Vortecone into 
the mining sector occurred (Li, Salarzar, & Saito, 2009).  Tianxiang Li, Abraham Salazar, 
and Kozo Saito performed a feasibility study in 2009 on the Vortecone’s ability to 
remove fly ash from coal fired power plants.  The results showed a 99.8% cleaning 
efficiency in removing fly ash, and was also 30% more energy efficient than a cyclone 
normally used (Li, Salarzar, & Saito, 2009).    
The original design of the Vortecone had two vortex chambers on either side of 
the inlet leading to an outlet, as shown in Figure 2-10.  CFD models and laboratory 
testing on a small reduced scale model indicated that the Vortecone is a high pressure 
drop system and thus requires a lot of power.  It also indicated that the cleaning 
efficiency of the device increases with an increased airflow.  The Vortecone is more 
efficient in the vertical orientation versus the horizontal orientation and requires much 
lower flow rates of water compared to the conventional flooded-bed dust scrubber 
systems (Kumar, 2018).  This design of the Vortecone will be referred to as the native 
Vortecone throughout this thesis.   
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Figure 2-10: Native Vortecone (Source: Nippon Steel News, No. 373, 2009) 
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CHAPTER 3. NEW DESIGN OF THE VORTECONE  
3.1 The Redesign of the Vortecone  
The new design of the Vortecone removes one outlet and places both the vortex 
chambers on the same plane.  Removal of an outlet increases the duration of dust particle 
confinement within the Vortecone, thereby enhancing the probability of particle-film 
interaction leading to the capture of particles.  In doing this, the overall height of the 
Vortecone is also reduced.  This allows for the Vortecone to be better implemented onto a 
continuous miner in place of the conventional filter.  The inlet and outlet have been 
squared off to also make mounting the device on a continuous miner easier.  The entire 
model was lengthened from inlet to outlet as well as in between the outer most walls.  
Geometrical parameters heavily influence the flow inside the Vortecone so a parametric 
study was performed to determine which features dictate the flow and pressure drop.  The 
features that were found to be significant are: 
(i) the length and width of the guide flaps leading into the vortex chamber; 
(ii) the radius of the lobes of the vortex chamber; and 
(iii) the sharp curve at the lower end of the Vortecone. 
Increasing the width of the guide flaps greatly reduces the velocity of the air and 
particles entering the vortex chamber.  Increasing the radii of the lobes of the vortex 
chamber increases the confinement time thus allowing more time for capture of the 
particles.  The sharp curve at the lower end of the Vortecone forces the particles and 
water sharply towards the Vortecone’s surfaces also encouraging capture.     
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Figure 3-1 shows the new design of the full-scale model that was designed in 
Fusion 360.  The inlet is at the top and the outlet is located on the bottom of the figure.  
The inlet is 9.47 inches by 18.67 inches, the outlet is 9.25 inches by 19.41 inches, the 
total length from the inlet to the outlet is 27.01 inches, and the width between the 
outermost planes is 19.42 inches.  These dimensions of the inlet and outlet enable for 
mounting of the device on a continuous miner.  These dimensions also allow for 
laboratory testing.  
 
Figure 3-1: Computer model of the redesigned Vortecone 
 
Figure 3-2 shows a graphical comparison of the redesigned Vortecone to the native 
Vortecone and a conventional filter.  The redesigned Vortecone’s resistance was 
calculated using CFD analysis in the design stage, and the native Vortecone and 
conventional screen’s resistances are from lab experiments.   The graph was placed on a 
log scale due the large pressure drops the native Vortecone experiences.  All three filters 
follow the Atkinson’s law P=RQ2.  Therefore all the system curves are parallel lines with 
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a fixed slope of 2.00 and the y-intercept of each of the lines represents the resistance for 
each type of filter.   
 
Figure 3-2: Comparison between conventional screen, Vortecone, and redesigned 
Vortecone 
 
 
3.2 Construction of the Vortecone  
Due to the complex nature of the model, the Vortecone was built in several pieces.  
Using Fusion 360, the flat planes were extended so the device could be bolted all the way 
through to hold it all together.  A CNC mill machine was used to cut out the flat pieces.  
Due to the size of the Vortecone and the size of the CNC mill, the flat surfaces of 
Vortecone were cut in half and then glued together.  The flat surfaces were built out of 
1/4 inch polycarbonate plastic and the curved sides were built out of 1/8 inch polystyrene 
plastic.  In order to curve the polystyrene, a heat gun was used.  Figure 3-3 shows the raw 
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materials before the Vortecone was constructed, and Figure 3-4 and Figure 3-5 show the 
curved surfaces of the outlet and inlet clamped together respectively.  Figure 3-6 shows 
the fully constructed Vortecone.     
 
Figure 3-3: Raw materials 
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Figure 3-4: Curved outlet piece clamped 
together 
 
 
 
 
 
Figure 3-5: Curved inlet piece clamped 
together 
 
 
 
 
Figure 3-6: Fully constructed Vortecone 
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CHAPTER 4. COMPUTATIONAL FLUID DYNAMICS MODELING 
4.1 Introduction to CFD Modeling  
Due to the dynamics of air, water, and dust particles moving at high speeds within 
the Vortecone, the flow within the device results in a complex, turbulent flow.  Given that 
the flow is extremely complex, data acquisition instruments within the Vortecone could 
not be used to examine the flow as it would disrupt the air stream.  In place, 
computational fluid dynamics (CFD) modeling was used.  CFD modeling is a finite 
volume method that uses a discrete number of elements to discretize the flow domain into 
an extremely small number of control volumes.  Navier-Stokes equations are numerically 
solved for the flow domain using a computer program.  The software tracks the flow of 
the fluids and particles throughout each of these control volumes.  
 In order to model the flow, the software uses the Navier-Stokes equations which 
are partial differential equations of flow.  The equations describe all the variables that 
govern a flow and require constraints for a unique solution.  These constraints are 
provided by the boundary conditions that the user is able to input into the program.  The 
Navier-Stokes equations express the conservation of mass, momentum, and energy, and 
they describe the components of flow along three mutually perpendicular axes.  The 
Navier-Stokes equations are shown below.  Eq. 4-1 shows the mass conservation relation, 
Eq. 4-2 shows the momentum conservation relation, and Eq. 4-3 shows the energy 
conservation equation.  
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Eq. 4-1 
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+ 𝜌𝑓𝑖𝑢𝑖 +
𝛿(?̇?𝑖)
𝛿𝑥𝑖
+ 𝑟 
Eq. 4-3 
Where, 
xi: Coordinates (m) 
ui: Velocity of flow in Xi-direction (m/s) 
t: time (s) 
ρ: Density of a fluid or solid (kg/m3) 
p: Pressure of a fluid (Pa) 
μ: Viscosity (Pa∙s) 
σij: Stress tensor (kg/m
2) 
 
The software used in this experiment is scFLOW, version 14.  scFLOW is a general 
purpose CFD software that is capable of generating polyhedral meshes within the control 
volumes.  Polyhedral meshes are useful when modeling complex geometries with multi-
phase flows and allow for high speed computing.  The software allows for the user to 
create user-defined scripts/functions, which are not built into the standard functions of the 
software.  The software consists of a pre-processing module, a solver module, and a post-
processing module, and it allows for the analysis of log files.  The simulations were run 
on a Windows-based high-performance computing system 
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4.2 CFD Simulations 
CFD simulations were set up and run to model a steady state flow pattern as well as 
transient state flow patterns.  A steady state simulation was run to analyze the time-
independent airflow patterns within the Vortecone.  Then, two transient state simulations 
were run to analyze the airflow and development of water film patterns, and airflow and 
particle patterns within the Vortecone.  Within each of these simulations, boundary 
conditions were input into the program in order to solve the Navier-Stokes equations.  
Flux conditions were applied to the surfaces that allow for a free flowing passage of 
fluids.  The inlet was given a volumetric flow rate and the outlet was given a static 
pressure of 0.00 Pa.  The volumetric flow rate varied in different simulations.  All the 
other surfaces were assigned either free-slip or no-slip wall conditions.  Free-slip walls 
are considered imaginary walls that do not offer any shear to the flow and are used on 
planes of symmetry.  No-slip walls are considered walls that resist the nominal flow of 
adjacent fluid streamlines, decreasing the velocity of the flow.  Figure 4-1 shows the 
velocity magnitudes of the two wall conditions.      
 
Figure 4-1: Profile of velocity magnitudes for free-slip and no-slip (respectively) wall 
conditions (Source: ScFLOW manual) 
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An octree was first developed to control the quality of the mesh.  An octree is a 
cluster of structured cubical cells that cover an entire model and are used to later control 
the placement and size of mesh cells.  The octree is refined close to the walls and other 
locations where a steep gradient in flow parameters are expected.  This allows for the 
program to better resolve the flow in those regions.  Three meshes with increasing mesh-
densities were generated to establish mesh independence.  The average mesh cell size 
was reduced by the reduction ratio of at least l.33, for each mesh generated, in order to 
create a significant change in average mesh cell dimensions.  The magnitude of velocity 
was analyzed at specific points considered important for the flow profile dimensions 
within the Vortecone.  All three meshes generated had similar velocities so the second 
densest mesh was chosen in order to run the simulations in the most efficient manner 
with the available computing resources.     
4.2.1 Steady State Simulations 
A steady state simulation was run first to establish a pressure-flow curve using 
just air flowing through the Vortecone.  The velocity and pressure were obtained from the 
converged simulations.  The normalized wall distances were also examined to ensure that 
the fluid flow resolved well close to the walls.  The velocity and pressure simulations 
were run until the threshold residual values reached a value of 0.0001 or lower.  The 
normalized wall distances were examined to determine that no further refinement was 
required close to the impermeable surfaces.  Figure 4-2 shows the contour of the velocity 
through the Vortecone.  Air was observed to accelerate towards the vortex chamber and 
move at high speeds along the circumference.  This acceleration of air will assist in 
casting particles out and result in capture on water films in the laboratory setting.  Figure 
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4-3 shows the contours of the pressure through the Vortecone.  The pressure drop occurs 
significantly upstream of the guide flaps, meaning there is not a significant pressure drop 
within the flaps which direct the air and particles.  There is also not a significant pressure 
drop within the vortex chamber.  Figure 4-4 shows the normalized wall distances on the 
impermeable surfaces and indicate a good flow resolution with suitable wall functions in 
place.  All figures were captured with a flow of 2,000 cfm.           
 
Figure 4-2: Contour of velocity magnitude for a flow of 2,000 cfm 
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Figure 4-3: Contour of total pressure for a flow of 2,000 cfm 
 
 
Figure 4-4: Contour of normalized wall distances for a flow of 2,000 cfm 
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4.2.2 Transient State Simulations  
The two transient state simulations were run at 800 cfm, 1,400 cfm, and 2,000 cfm.  
Figure 4-5 shows that the Vortecone is able to capture/support water films at high 
airflows.  At lower airflows, the impact of gravity is too great and water films cannot be 
supported.  Water films have been represented using a suitable fractional volume where 
dry air and pure water are assigned values of 0.00 and 1.00 respectively.  Figure 4-6 
shows the impaction of particles on the impermeable surface.  For these simulations, the 
particles were assumed to undergo a perfectly inelastic collision with the impervious 
walls and come to a stop upon impaction. Figure 4-7 depicts a graphical representation of 
the impaction efficiency at the end of 1.50 seconds when dust particles were injected 
continuously for the first 0.30 seconds in the steady state flow field at known airflows.  
At higher airflows, heavier particles impact the surface more than at lower airflows.  This 
is ideal as the water film will capture particles along the impermeable surfaces.  The 
water film will be introduced in the laboratory experiment.           
 
 
Figure 4-5: Water films at 800 cfm, 1,400 cfm, and 2,000 cfm 
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Figure 4-6: Particle Impaction at 800 cfm, 1,400 cfm, and 2,000 cfm 
 
 
 
Figure 4-7: Impaction efficiency curve 
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CHAPTER 5. EXPERIMENTAL DESIGN 
5.1 Setting up the Laboratory  
A laboratory dedicated to research on dust scrubber systems and aerosols is located 
in the Mining Engineering Department at the University of Kentucky.  The test set up 
was developed, constructed, and installed previously in the lab, and it consists of: 
(i) a centrifugal fan,  
(ii) duct work and a Dwyer measurement station,  
(iii) a dust injector system, 
(iv) the TSI optical particle counting sizer 3300 (OPS), and  
(v)  the Vortecone prototype.  
5.1.1 The Centrifugal Fan 
The centrifugal fan is driven by a 3-phase, 60 Hz, 460 V induction motor with a 
rated output power of 18.64 kW (25 hp) and a rated speed of 3,525 rotations per minute 
(RPMs).  An Allen Bradley variable frequency drive (VFD) controls the rotational speed 
of the motor to allow for precise control of airflow through the system.   
5.1.2 The Duct-work and Dwyer Measurement Station  
The duct-work set-up for previous testing of the native Vortecone is used in the 
testing of the redesigned Vortecone.  The duct-work is made out of aluminum sheets and 
has internal dimensions of 18 inches x 12 inches.  The outlet of the duct-work is 
connected to a dust removal system to prevent accumulation of dust in the lab.  To 
minimize the pressure drop and shock losses, vane and rail arrangements were built in to 
create a smooth airflow around the corners.   
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Downwind of the fan, the Dwyer pressure measurement station is located.  The 
Dwyer measurement station uses a honeycomb structure to straighten the airflow and has 
two outlet ports used to measure the total and static pressure as shown in Figure 5-1.  The 
difference of these pressures yield the velocity pressure, which can then be converted into 
an equivalent airflow speed using Eq. 5-1 at standard temperature and pressure, which 
also allows for the determination of volumetric flow rate.  The total pressure drop at 
known air flows can also be used to obtain a system curve.  A TSI hot-wire anemometer 
is used for flow measurements and validation of the airflow velocity.     
 
Figure 5-1: The Dwyer measurement station (Source: Dwyer website) 
 
𝜐(𝑓𝑝𝑚) = 4,008√𝑃𝜐 Eq. 5-1 
 
 
5.1.3 The Dust Injection System 
To inject coal dust particles in a controlled and continuous manner, an auger system 
was 3-D printed, shown in Figure 5-2.  An Arduino code controls the stepper motor 
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driving the auger and controls the angular velocity, angle per step, and idle times between 
the steps.  Dust was injected over six minutes.  Injecting the dust over the six minute time 
period eliminates errors in initial reading fluctuations and also ensures that the ratio of 
particle count to the sampled airflow volume never exceeds 3,000 particles/cm3 (the 
recommended operational range).  To assist the injection of dust and to overcome the 
pressure exerted outwards due to the airflow, compressed air was drawn from the 
laboratory supply.   
 
Figure 5-2: The auger system for controlled injection of dust particles 
 
 
5.1.4 The Optical Particle Counting System (OPS) 
The TSI OPS 3300, as mentioned previously in Section 2.7, is used to count and size 
the particles.  Two devices were used, one upstream the Vortecone and one downstream.  
The devices are programmed to count the particles for 6.00 minutes.  If the concentration 
of particles reaches 2,000 particles/cm3 an audio and visual alarm will trigger to give a 
warning to not exceed the recommended optimal range.  The OPS classifies particles in 
16 channels based on the optical particle diameter.  The refractive index (RI) of each dust 
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is programmed into the two operating systems to ensure they are tracking the dust 
particles.  The RI is the ratio of speed of light in a vacuum to that of the medium being 
sampled.  An optical particle counter requires the complex RI as an input which enables 
the conversion of optical diameters to physical diameters.  The RI is calculated using Eq. 
5-2.  Sampling nozzles with different opening sizes are used at different flow rates to 
keep the flow of particles through the sampling tube consistent at 1.00 L/min.  The 
diameter of the opening limits the amount of airflow that can be isokinetically sampled 
through the system.    
 𝑚 = 𝑛 ± 𝑖𝑘 Eq. 5-2 
Where, 
i: Square root of-1 
n: associated with scattering properties and the speed of light 
k: absorptive property of dust 
 
5.1.5 The Vortecone Prototype 
The Vortecone was constructed and assembled to fit into the existing ductwork to 
enable testing.  Figure 5-3 shows the Vortecone in the ductwork.   
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Figure 5-3: Vortecone in ductwork 
 
5.2 Experimental Procedures  
Tests were ran four times at 1,400 cfm, 2,000 cfm, and 2,500 cfm using limestone 
dust and coal dust.  Tests were repeated to eliminate systematic errors.  3.00 grams of 
limestone dust was fed into the system over 6.00 minutes and 6.00 grams of coal dust was 
fed into the system over 6.00 minutes.  The mass of coal introduced to the system was 
increased because it has a lower density than limestone.  For all the tests performed, 
water was kept at a constant of 6.00 gal/min.  The water flow was chosen based on 
previous experiments ran in the laboratory on the previous version of the vertical 
Vortecone.  There was no significant change from increasing or decreasing the water 
flow and therefore it was just kept constant.  The OPS’s were programmed to know the 
density and RI of the dust being injected.  The properties are shown in Table 5-1.   
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Table 5-1: Properties of dust 
 Limestone Coal 
Density (T/m3) 2.55 1.22 
Real number of RI 1.78 1.5 
Imaginary (i) of RI 0.6 0.005 
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CHAPTER 6. RESULTS AND DISCUSSION  
A P-Q curve was first determined to establish the filter resistance across the system, 
shown in Figure 6-1.  A P-Q curve shows the relationship between airflow quantity and 
total pressure using the Atkinson’s law, P=RQ2, where P is the pressure, R is the 
resistance of the system, and Q is the airflow quantity.  The frequency of the VFD was 
first ran at 5.00 Hz and increased by steps of 2.5 to 35 Hz.  At each step, the flow and 
pressure readings were obtained from the Dwyer measurement station.  This was repeated 
three times to ensure accuracy.  The curve of best fit has an adjusted R-squared value of 
0.99 indicating a good fit.   
 
Figure 6-1: P-Q system curve 
 
Using the Atkinson’s Law, the equation of best fit for the curve is P=1.40*10-6(Q2).   
Table 6-1 shows the total pressure for airflows of 1,400 cfm, 2,000, and 2,500 cfm.  
Figure 6-2 shows a graphical representation of the resistance of the redesigned Vortecone 
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to the native Vortecone and conventional fibrous screen. All three graphs are from 
laboratory experiments and placed on a log scale due the large pressure drops the native 
Vortecone experiences.  All three filters follow the Atkinson’s law and can be placed on 
the same graph with the y-intercept representing the log of the resistance of each filter.  
The redesigned Vortecone has a lower resistance than both the native Vortecone and 
conventional screen. 
Table 6-1: Pressures for airflows  
Q (airflow, cfm) P (total pressure, in. wg.) 
1,400 2.74 
2,000 5.60 
2,500 8.75 
 
 
Figure 6-2: Comparison of the resistances of the redesigned Vortecone to the original 
Vortecone and conventional screen from laboratory experiments  
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The power required for a fan can be calculated using Eq. 6-1.  It is assumed that 
the efficiency will be 80%.  The calculations for the power requirements using the 
airflows tested in the experiment can be found in Table 6-2. 
𝑃𝑜𝑤𝑒𝑟 = (𝑄 ∗ 𝑃)/(33000 ∗ 𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦) Eq. 6-1. 
Where,  
Power: 𝐹𝑎𝑛 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 ℎ𝑜𝑟𝑠𝑒𝑝𝑜𝑤𝑒𝑟 (𝐻𝑃) 
Q: Airflow quantity (cfm) 
P: Pressure (PSF) (1 in. wg. = 5.20 PSF) 
 
Table 6-2: Power requirements 
Q (airflow, 
cfm) 
P (total pressure, 
in. wg.) 
P (total pressure, 
PSF) 
Power (HP) 
1,400 2.74 14.25 0.76 
2,000 5.60 29.12 2.21 
2,500 8.75 45.5 4.31 
 
3.00 grams of limestone dust was fed into the system over 6.00 minutes for 
airflows of 1,400 cfm, 2,000 cfm, and 2,500 cfm.  Each test was repeated four times.  The 
same was done for coal dust except 6.00 grams of dust was fed into the system over 6.00 
minutes.  The cleaning efficiency of the Vortecone at each of the airflows was obtained 
from the difference in the particle mass concentrations read at the OPS upstream and the 
OPS located downstream.  Table 6-3 shows the average total concentrations derived from 
particles counted upstream and downstream for all four experiments in each of the 
channels (particle size) for all three airflows.  Figure 6-3 shows the cleaning efficiencies 
for limestone dust at all three airflows.  Figure 6-4 shows the cleaning efficiencies for 
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coal at all three airflows.  The statistical analysis for each graph are shown in Table 6-4 
and Table 6-5 respectively.  As the airflow increases, the cleaning efficiency increases.  
The cleaning efficiency at 2,500 cfm goes below the efficiency at 2,000 cfm at larger 
particle sizes.  This is due to not having enough particles present in channel 16 of the 
OPS (channel 16 is the largest particle size distribution, see section 2.7).  A sufficient 
number of particles was not always present in all 16 channels, therefore only channels 10 
– 16 are shown in the figures.  This could be due to particles impacting each other and 
forming a larger particle or particles colliding on surfaces splitting into smaller particles.  
Lower channels reading smaller particles also experience a coincidence error which is 
corrected by using a dead-time correction.   
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Table 6-3: Total particle concentration for each velocity in each particle distribution 
Particle 
Size 
(micron) 
Airflow 
(cfm) 
Particle Up 
Stream 
Concentration 
(μg/cm3) 
Particle 
Downstream 
Concentration 
(μg/cm3) 
0.357 1400 39.08 65.80 
 2000 51.38 70.10 
 2500 41.95 80.70 
0.504 1400 64.90 109.98 
 2000 78.78 105.35 
 2500 64.90 122.75 
0.664 1400 117.20 197.08 
 2000 125.30 163.80 
 2500 99.88 154.68 
0.945 1400 125.78 215.55 
 2000 119.70 155.40 
 2500 82.85 117.15 
1.114 1400 181.28 236.80 
 2000 179.58 136.33 
 2500 85.20 202.00 
1.488 1400 669.73 860.90 
 2000 481.90 496.05 
 2500 263.43 272.45 
1.999 1400 484.38 608.03 
 2000 300.28 291.55 
 2500 137.58 199.05 
2.250 1400 947.60 961.53 
 2000 525.78 410.65 
 2500 223.25 290.65 
2.545 1400 1380.28 1895.00 
 2000 671.63 697.10 
 2500 273.75 289.03 
3.219 1400 1322.43 1467.50 
 2000 560.58 452.68 
 2500 213.88 154.63 
4.170 1400 923.83 826.00 
 2000 365.93 222.50 
 2500 130.75 69.13 
5.208 1400 653.23 469.60 
 2000 272.70 111.03 
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Table 6-3: Continued 
 2500 95.28 30.88 
6.513 1400 434.28 251.23 
 2000 208.73 54.43 
 2500 75.75 13.25 
7.969 1400 254.70 104.35 
 2000 155.58 21.03 
 2500 52.48 5.07 
9.423 1400 137.90 45.55 
 2000 111.60 11.04 
 2500 42.83 3.85 
11.470 1400 66.55 16.23 
 2000 85.63 5.50 
 2500 24.28 2.04 
 
 
Figure 6-3: Cleaning efficiencies for limestone dust 
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Table 6-4: Statistical analysis for limestone dust  
Parameters 1,400 cfm 2,000 cfm 2,500 cfm 
Adjusted R2 0.99 0.99 0.99 
y0 -149.13 -211.95 -256.37 
a 232.73 307.46 349.22 
b 0.37 0.57 0.71 
 
 
 
 
Figure 6-4: Cleaning efficiencies for coal dust 
 
 
Table 6-5: Statistical analysis for coal dust 
Parameters 1,400 cfm 2,000 cfm 2,500 cfm 
Adjusted R2 1.00 0.98 0.89 
y0 -1246.76 -927.03 -1603.07 
a 1299.92 1012.39 1685.16 
b 0.76 0.93 1.41 
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The quantity of air through the system is restricted due to operational limitations of 
isokinetic sampling.  The sampling tips for the OPS’s cannot handle higher airflows for 
which the Vortecone was designed for.  (Future work will include testing the Vortecone 
at higher airflows.)  It is assumed that at higher airflows the cleaning efficiency would 
only increase.  The statistical analysis shown in Table 6-4 and Table 6-5 are used to 
calculate the cleaning efficiency using Eq. 6-2.  Table 6-6 shows the cleaning efficiencies 
calculated using Eq. 6-2 for limestone and coal dust at 1,400 cfm, 2,000 cfm, and 2,500 
cfm.  The particle diameter size for channels 6 – 16 is shown.  Again, not all channels for 
all airflows were applicable for a positive cleaning efficiency due to the coincidence error 
in smaller particles.  The efficiency for each type of dust tends to increase as the airflow 
increases.  The Vortecone is more efficient at capturing limestone dust particles than coal 
dust particles which is expected given that limestone has a higher density than coal.   
𝜂 = 𝑦𝑜 + 𝑎(1 − 𝑒
−𝑏𝑑) Eq. 6-2. 
Where,  
η: Cleaning Efficiency (%) 
yo,a,b: Constants computed from the best fit curve 
d: Particle diameter (micron) 
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Table 6-6: Cleaning efficiencies 
Particle 
Diameter 
(micron) 
Cleaning Efficiency (%) 
 Limestone Dust Coal Dust 
 1,400 cfm 2,000 cfm 2,500 cfm 1,400 cfm 2,000 cfm 2,500 cfm 
1.488 N/A 13.51 25.53 N/A N/A 18.00 
1.999 3.64 36.22 47.90 N/A 16.32 53.35 
2.250 22.09 55.93 65.68 N/A 49.66 71.52 
2.545 39.18 71.54 78.30 9.86 69.60 79.03 
3.219 54.01 82.69 86.18 34.37 79.69 81.44 
4.170 65.75 89.62 90.32 46.50 83.77 82.00 
5.208 74.08 93.28 92.09 51.33 85.03 82.08 
6.513 79.25 94.84 92.68 52.79 85.31 82.09 
7.969 81.96 95.36 92.82 53.11 85.36 82.09 
9.423 83.11 95.49 92.85 53.16 85.36 82.09 
11.47 83.49 95.51 92.85 53.16 85.36 82.09 
 
Using the constants y0, a, and b calculated from the best fit curves, and the particle 
diameter, the filter selection factor (FSF) can be calculated.  The FSF is a comparative 
factor that allows all filters performances to be compared.  The FSF is calculated using 
Eq. 6-3.  A higher FSF indicates a greater number of particles captured at a low pressure 
drop and thus requires less power.  Table 6-7 presents the FSF for the Vortecone for both 
limestone and coal dust at all three airflows.  The integral is the total number of particles 
captured in channels 10-16 (the largest particle size is 13.03 microns and the smallest 
particle size is 2.4 microns).   
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𝐹𝑆𝐹 =  
1
𝑃
∫ 𝑦𝑜 + 𝑎(1 − 𝑒
−𝑏𝑑). 𝑑𝑑
𝑑𝐿
𝑑𝑆
 
Eq. 6-3. 
Where,  
P: Pressure drop (in. wg.) 
dL, dS: Largest and smallest diameters used for calculations (micron) 
d: Particle diameter (micron) 
 
Table 6-7: FSF for redesigned Vortecone  
 Limestone Dust  Coal Dust  
 1,400 cfm 2,000 cfm 2,500 cfm 1,400 cfm 2,000 cfm 2,500 cfm 
P (in. wg.) 2.74 5.60 8.75 2.74 5.60 8.75 
Integral 316.83 497.25 524.90 80.69 448.55 501.96 
FSF 115.63 88.79 59.99 29.45 80.10 89.64 
 
 
The FSF allows for any type of filter to be compared to one another.  Dr. Ashish 
Kumar calculated the FSF for the native Vortecone and conventional screen in his Ph.D. 
dissertation.  The values obtained by Kumar for coal dust only are presented in Table 6-8.  
The native Vortecone was designed to operate at lesser airflow quantities than the 
redesigned Vortecone.  In order to compare the native and redesigned Vortecones to one 
another, the pressure drop was found for the native Vortecone to have an equal FSF to 
that of the redesigned Vortecone at 2,500 cfm.  For the native Vortecone to have an FSF 
equal to the redesigned Vortecone, it would require a pressure drop of 11.02 in. wg. and 
11.48 in. wg. for 600 cfm and 800 cfm respectively.  This is assuming that the capture 
remains the same.  The pressure drop for the redesigned Vortecone is 8.75 in. wg. which 
is significantly lower than the native Vortecone.  The same calculations were performed 
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for the conventional screen which would also have a larger pressure drop than the 
redesigned Vortecone.  The calculations and pressure drops are presented in Table 6-9.      
Table 6-8: FSF for native Vortecone and Conventional Screen (Kumar, 2018) 
 Coal Dust 
 600 cfm 800 cfm 
 Native 
Vortecone 
Conventional 
Screen 
Native 
Vortecone 
Conventional 
Screen 
P (in. wg.) 7.96 1.02 14.12 1.81 
Integral 988 961 1029 1004 
FSF 124 949 73 554 
 
Table 6-9: Pressure drops needed for FSF equal to redesigned Vortecone’s FSF 
 600 cfm 800 cfm 
 Native 
Vortecone 
Conventional 
Screen 
Native 
Vortecone 
Conventional 
Screen 
Pressure 
drop 
calculation 
89.64
=  
1
𝑃
∗ 988 
 
89.64
=
1
𝑃
∗ 961 
 
89.64
=
1
𝑃
∗ 1029 
 
89.64
=
1
𝑃
∗ 1004 
 
P (in. wg.) 11.02 10.72 11.48 11.20 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK  
7.1 Conclusions  
This research was aimed at designing and analyzing the performance of the 
redesigned Vortecone.  The Vortecone was designed to operate in the horizontal 
orientation in order to better fit on a continuous miner.  The redesign removed an outlet 
and increased the overall size of the native Vortecone.  The Vortecone requires much less 
maintenance than the conventional screen as it is a maintenance-free scrubber device that 
does not allow for particle accumulation on the filter element.  It was proven that the 
Vortecone is an efficient dust scrubbing system. 
The new Vortecone was designed to operate at high airflows as would be present in a 
mine environment such as 8,000 cfm and 10,000 cfm.  However, these airflows could not 
be tested given the current laboratory set-up.  The highest airflows that could possibly be 
tested were 1,400 cfm, 2,000 cfm, and 2,500 cfm.  1,400 cfm and 2,000 cfm also allows 
for comparisons with the CFD analysis.  The results from the experimental set-up were 
compared to the results of the native Vortecone and conventional screens currently used 
on continuous miners.  The cleaning efficiency increased as airflow increased.  This 
matches the impaction efficiency computed from the CFD models.  Given that the 
Vortecone is designed to handle much higher airflows than were was tested, it is assumed 
that the overall cleaning efficiency would continue to increase with much higher airflows.     
The redesigned Vortecone was intended to have a low pressure drop throughout the 
system as it is 8.75 in. wg. for 2,500 cfm.  This pressure drop is much lower than both the 
original Vortecone and conventional screen.  This was proven in both the CFD analysis 
and the experimental results.  In order to compare the capture efficiencies of all three 
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devices the Filter Factor Selection (FSF) was examined.  Using an equal FSF and actual 
capture results, the Vortecone out-performs both the native Vortecone design and the 
conventional screen using less power than both devices.   
7.2 Future Work  
There are several other possibilities that could be used to improve future research on the 
redesigned Vortecone as outlined below:  
(i) Testing the Vortecone at higher airflows.  This would require improvements in 
the current sampling nozzle set-up to allow for readings at higher airflows.  
(ii) Designing the Vortecone with an inlet that could be changed during testing.  
Allowing for the distance between the guide flaps to be changed would increase 
or decrease the velocity of particles entering the device thus changing the capture 
abilities.  
(iii) Exploring the use of several smaller Vortecones used in parallel to one another to 
equally spread out the airflow coming into each of the systems thus possibly 
reducing the pressure drop further.  FSF will be an important factor here as it 
allows for the direct comparison of pressure drops and power requirements.   
(iv) Changing the water flows to see if this has any effect on the newly designed 
Vortecone.    
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APPENDICES 
P-Q CURVE RAW DATA 
Table A1: First Trial 
Hertz 
(Hz) 
Velocity 
(cfm) 
VelocityX1.5 
(cfm) 
Total 
pressure 
(in. wg.) 
5.09 178 267 0.143 
7.26 280 420 0.291 
10.08 410 615 0.563 
12.48 504 756 0.867 
15.06 611 916.5 1.264 
17.52 712 1068 1.716 
20.04 817 1225.5 2.232 
22.5 923 1384.5 2.831 
25.01 1030 1545 3.467 
27.53 1149 1723.5 4.215 
30 1255 1882.5 5.003 
32.51 1372 2058 5.864 
34.98 1485 2227.5 6.788 
 
Table A2: Second Trial 
Hertz 
(Hz) 
Velocity 
(cfm) 
VelocityX1.5 
(cfm) 
Total 
pressure 
(in. wg.) 
5.14 159 238.5 0.146 
7.49 283 424.5 0.31 
10.08 401 601.5 0.561 
12.54 513 769.5 0.876 
15.06 615 922.5 1.258 
17.52 712 1068 1.7 
19.98 813 1219.5 2.22 
22.5 928 1392 2.811 
25.13 1036 1554 3.506 
27.54 1145 1717.5 4.211 
30.05 1249 1873.5 5.014 
32.52 1381 2071.5 5.866 
35.03 1487 2230.5 6.784 
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Table A3: Third Trial 
Hertz 
(Hz) 
Velocity 
(cfm) 
VelocityX1.5 
(cfm) 
Total 
pressure 
(in. wg.) 
4.98 154 231 0.136 
7.5 274 411 0.307 
10.02 404 606 0.552 
12.48 504 756 0.861 
15 602 903 1.25 
17.52 720 1080 1.706 
20.04 817 1225.5 2.217 
22.56 935 1402.5 2.815 
25.07 1045 1567.5 3.475 
27.48 1148 1722 4.191 
30.06 1278 1917 5.009 
32.51 1377 2065.5 5.866 
35.03 1472 2208 6.778 
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RESISTANCE DATA FOR NATIVE VORTECONE AND CONVENTIONAL SCREEN 
Table A4:  Native Vortecone data 
Native Vortecone 
Avg_P (in. wg.) Avg_Q (cfm) R 
1.61 291.39 1.89E-05 
2.81 369.93 2.06E-05 
4.38 472.56 1.96E-05 
6.29 552.42 2.06E-05 
8.58 624.36 2.20E-05 
11.08 710.16 2.20E-05 
14.16 801.57 2.20E-05 
 
Table A5: Conventional screen data  
Conventional screen 
Avg_P (in. wg.) Avg_Q (cfm) R 
0.26 380.33 1.78E-06 
0.56 485.67 2.39E-06 
0.99 615.33 2.62E-06 
1.54 740.00 2.80E-06 
2.20 880.67 2.83E-06 
2.97 1020.33 2.86E-06 
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RAW DATA FROM LABORATORY EXPERIMENTS 
Table A6: Limestone at 1,400 cfm 
 
  
27.7 49.2 -77.6 37.1 73.4 -97.8 44.5 70.6 -58.7 47 70 -48.9 -70.8
41.2 76.2 -85.0 64.5 123.6 -91.6 78.2 124.2 -58.8 75.7 115.9 -53.1 -72.1
68.1 131.2 -92.7 122.3 223.2 -82.5 146.5 227.2 -55.1 131.9 206.7 -56.7 -71.7
71 142.3 -100.4 133.1 244.7 -83.8 160.1 249.8 -56.0 138.9 225.4 -62.3 -75.6
116.1 166.5 -43.4 166.7 288.1 -72.8 212.4 254.7 -19.9 229.9 237.9 -3.5 -34.9
358.4 589.3 -64.4 726 991.4 -36.6 863.7 972.1 -12.6 730.8 890.8 -21.9 -33.9
258.8 438.3 -69.4 532.7 708.8 -33.1 630.6 670.2 -6.3 515.4 614.8 -19.3 -32.0
520.7 697.2 -33.9 1060 1130.0 -6.6 1210.0 1050.0 13.2 999.7 968.9 3.1 -6.0
791.1 1440.0 -82.0 1570 2250.0 -43.3 1730.0 1990.0 -15.0 1430 1900 -32.9 -43.3
799.7 1180.0 -47.6 1530 1770.0 -15.7 1610.0 1470.0 8.7 1350 1450 -7.4 -15.5
600.9 706.2 -17.5 1090 1010.0 7.3 1080.0 791.7 26.7 924.4 796.1 13.9 7.6
464 415.1 10.5 787 573.5 27.1 736.4 435.9 40.8 625.5 453.9 27.4 26.5
317.1 229.8 27.5 537.9 317.9 40.9 480.0 226.6 52.8 402.1 230.6 42.7 41.0
209.9 98.0 53.3 300.6 128.0 57.4 276.1 91.1 67.0 232.2 100.3 56.8 58.6
120.7 43.5 64.0 164.1 58.0 64.7 152.9 44.7 70.8 113.9 36 68.4 66.9
55.2 11.7 78.8 76.3 19.3 74.7 76.4 17.4 77.2 58.3 16.5 71.7 75.6
Cleaning 
efficiency 
(%)
Cleaning 
efficiency 
(%)
Avg. 
Cleaning 
Efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Upstream 
Conc. 
(μg/cm3)
Upstream 
Conc. 
(μg/cm3)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Cleaning 
efficiency 
(%)
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Table A7: Limestone at 2,000 cfm 
 
  
30.8 50.2 -63.0 45.7 76.4 -67.2 55.8 77.5 -38.9 73.2 76.3 -4.2 -43.3
45.7 72.6 -58.9 72.8 113.9 -56.5 85.3 114.4 -34.1 111.3 120.5 -8.3 -39.4
73 113.4 -55.3 123.3 177.9 -44.3 133.0 175.2 -31.7 171.9 188.7 -9.8 -35.3
72.8 110.4 -51.6 120.4 170.6 -41.7 126.1 164.3 -30.3 159.5 176.3 -10.5 -33.5
115.3 111.3 3.5 159.1 166.4 -4.6 184.8 146.5 20.7 259.1 121.1 53.3 18.2
305.7 386.1 -26.3 520.8 546.7 -5.0 507.7 505.4 0.5 593.4 546 8.0 -5.7
203.9 246.3 -20.8 331.1 325.5 1.7 309.1 291.5 5.7 357 302.9 15.2 0.4
389.5 353.4 9.3 583.5 464.6 20.4 530.8 413.1 22.2 599.3 411.5 31.3 20.8
549.8 642.9 -16.9 751.9 780.3 -3.8 662.2 693.0 -4.7 722.6 672.2 7.0 -4.6
513.5 451.8 12.0 625 513.1 17.9 531.6 437.9 17.6 572.2 407.9 28.7 19.1
374.7 242.3 35.3 404.3 255.1 36.9 332.0 207.4 37.5 352.7 185.2 47.5 39.3
318 125.7 60.5 289.2 125.0 56.8 233.5 106.5 54.4 250.1 86.9 65.3 59.2
273 65.5 76.0 217.9 64.8 70.3 176.0 47.4 73.1 168 40 76.2 73.9
194.8 25.0 87.2 165.4 26.4 84.0 127.7 19.6 84.7 134.4 13.1 90.3 86.5
146.2 16.6 88.6 108.5 12.4 88.6 95.0 9.5 90.0 96.7 5.69 94.1 90.3
130.7 4.6 96.5 90.2 6.4 92.9 63.7 5.6 91.3 57.9 5.49 90.5 92.8
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Avg. 
Cleaning 
Efficiency 
(%)
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Table A8: Limestone at 2,500 cfm efficiency  
 
 
  44.9 70.3 -56.6 45.3 66.2 -46.1 33.7 65.8 -95.3 43.9 65.5 -49.2 -61.8
81.4 126.2 -55.0 68.4 91.4 -33.6 49.5 84.7 -71.1 60.3 83.2 -38.0 -49.4
138.8 202.5 -45.9 101.2 127.2 -25.7 76.6 112.7 -47.1 82.9 109.8 -32.4 -37.8
109 155.1 -42.3 85 100.8 -18.6 65.9 91.6 -39.0 71.5 91.4 -27.8 -31.9
54.9 99.4 -81.1 115.5 84.5 26.8 76.5 78.1 -2.1 93.9 74.6 20.6 -8.9
394.7 329.8 16.4 213.1 231.3 -8.5 219.9 225.8 -2.7 226 241.9 -7.0 -0.5
178.4 146.2 18.0 115.5 120.0 -3.9 126.1 118.5 6.0 130.3 124.7 4.3 6.1
262.2 174.7 33.4 197.6 156.8 20.6 216.2 158.9 26.5 217 169.8 21.8 25.6
286.5 249.9 12.8 248.7 247.6 0.4 278.8 250.7 10.1 281 272.5 3.0 6.6
209 139.7 33.2 201.3 144.6 28.2 220.9 149.0 32.5 224.3 163.7 27.0 30.2
124.7 61.1 51.0 123.3 62.9 49.0 138.4 65.6 52.6 136.6 71.6 47.6 50.0
92.2 24.7 73.2 88.9 28.5 67.9 100.2 30.3 69.8 99.8 32.4 67.5 69.6
71.4 11.8 83.5 69.5 15.1 78.3 77.8 13.0 83.3 84.3 16.8 80.1 81.3
55.1 5.7 89.7 49.6 4.5 90.9 54.0 4.5 91.8 51.2 7.49 85.4 89.5
44.5 3.6 91.8 38.2 3.2 91.8 45.3 3.1 93.1 43.3 2.34 94.6 92.8
20.7 2.3 88.7 21.6 3.0 86.0 26.0 0.8 97.1 28.8 5.27 81.7 88.4
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Avg. 
Cleaning 
Efficiency 
(%)
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Table A9: Coal at 1,400 cfm 
 
  
34.7 75.4 -117.3 47.8 86.2 -80.3 39.4 93.5 -137.3 59.6 92.1 -54.5 -97.4
72.3 168.0 -132.4 105.1 195.4 -85.9 83.8 216.7 -158.6 130.5 221.2 -69.5 -111.6
141.3 343.7 -143.2 222.1 386.5 -74.0 178.6 475 -166.0 267.8 424.1 -58.4 -110.4
135.2 321.4 -137.7 218.4 363.6 -66.5 178.2 485.6 -172.5 257.4 424.2 -64.8 -110.4
172.7 331.5 -92.0 322 254.1 21.1 254.8 588.4 -130.9 247.5 214.9 13.2 -47.2
401.9 983.7 -144.8 678.9 1240.0 -82.6 637.6 1840 -188.6 1170 2050 -75.2 -122.8
219.2 562.0 -156.4 388.8 693.2 -78.3 383.8 1150 -199.6 743.4 1280 -72.2 -126.6
355.8 742.8 -108.8 626.4 902.4 -44.1 661.1 1600 -142.0 1280 1820 -42.2 -84.3
406.2 1170.0 -188.0 712.8 1350.0 -89.4 833.3 2660 -219.2 1620 2960 -82.7 -144.8
315.6 710.0 -125.0 537.3 774.4 -44.1 710.7 1670 -135.0 1350 1800 -33.3 -84.4
184.4 334.6 -81.5 296.9 352.9 -18.9 459 777.7 -69.4 819.8 801.4 2.2 -41.9
112 159.2 -42.1 169.9 164.6 3.1 293.1 353.9 -20.7 494.2 347.6 29.7 -7.5
66.3 75.1 -13.3 88.9 76.0 14.5 180.7 148.6 17.8 257.4 141.5 45.0 16.0
32.6 27.5 15.6 43.7 24.9 43.0 79 51.2 35.2 110.9 48 56.7 37.6
24.5 12.2 50.2 21.8 11.7 46.3 45.1 25.5 43.5 48.1 23.3 51.6 47.9
9.9 10.5 -6.1 8.91 15.6 -75.1 18.2 13.7 24.7 19.7 26 -32.0 -22.1
Avg. 
Cleaning 
Efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
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Table A10: Coal at 2,000 cfm 
 
  
42.7 80.8 -89.2 47 94.0 -100.0 59.2 99.8 -68.6 58.3 98 -68.1 -81.5
87.3 174.9 -100.3 96 207.0 -115.6 124.4 221.7 -78.2 118.8 216.5 -82.2 -94.1
173.3 349.8 -101.8 169.9 415.5 -144.6 249.9 445.9 -78.4 221.7 422.1 -90.4 -103.8
162.7 309.5 -90.2 138.7 370.0 -166.8 221.4 397.5 -79.5 187.3 370.7 -97.9 -108.6
235.2 261.9 -11.4 65.3 334.6 -412.4 233.2 357.2 -53.2 109 270.5 -148.2 -156.3
426.8 798.1 -87.0 586.6 943.7 -60.9 702.9 1030.0 -46.5 741.9 1010 -36.1 -57.6
223.7 380.5 -70.1 286.3 439.1 -53.4 338.4 482.6 -42.6 352.9 467.1 -32.4 -49.6
355.4 450.5 -26.8 402.6 502.4 -24.8 474.4 545.8 -15.1 484 516.8 -6.8 -18.3
404 598.0 -48.0 393.5 623.8 -58.5 452.9 672.2 -48.4 457.1 635.7 -39.1 -48.5
321.4 310.1 3.5 255.4 294.8 -15.4 285.6 308.0 -7.8 281.9 287.5 -2.0 -5.4
215.2 135.7 36.9 145 116.9 19.4 148.5 120.6 18.8 145.6 112 23.1 24.5
173.8 63.8 63.3 98.2 52.4 46.6 99.4 51.7 48.0 97.8 48.3 50.6 52.1
147.8 28.6 80.6 76.7 25.8 66.4 79.7 23.5 70.5 70.8 19.6 72.3 72.5
111.9 16.1 85.6 60.3 11.2 81.4 61.2 11.1 81.9 54.3 7.81 85.6 83.6
85.5 6.3 92.6 44.9 4.7 89.6 49.1 8.6 82.5 37 6.85 81.5 86.5
67.2 3.5 94.8 39.9 6.3 84.1 39.8 12.0 69.8 42.7 10.6 75.2 81.0
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Avg. 
Cleaning 
Efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
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Table A11: Coal at 2,500 cfm 
77.6 89.4 -15.2 78.9 102.4 -29.8 50.9 91.1 -79.0 68.3 110.4 -61.6 -46.6
158.5 199.0 -25.6 158.4 224.7 -41.9 110.1 197.8 -79.7 137.4 243.8 -77.4 -51.7
302.4 334.9 -10.7 288.6 396.9 -37.5 224.1 392.8 -75.3 245.8 475.5 -93.4 -47.7
256.7 265.7 -3.5 240.6 334.3 -38.9 207.6 344.9 -66.1 204.8 412.9 -101.6 -42.8
251.0 55.5 77.9 188.3 151.5 19.5 273 301 -10.3 124.2 339.3 -173.2 -6.4
765.9 962.9 -25.7 808.4 1020 -26.2 556.6 901.8 -62.0 774.6 1040 -34.3 -35.6
338.0 388.4 -14.9 359.2 432.1 -20.3 258.5 411.4 -59.1 357.8 453.5 -26.7 -27.6
442.4 406.4 8.1 467 454.4 2.7 368.5 454.7 -23.4 491.8 485.9 1.2 0.9
411.2 444.9 -8.2 433.8 505.9 -16.6 374.5 554.4 -48.0 466.2 559.2 -19.9 -16.2
261.3 179.8 31.2 278.6 206.4 25.9 249.9 240.6 3.7 295 229 22.4 26.9
156.9 63.5 59.5 165.8 68.6 58.6 143 89.9 37.1 153.7 78.5 48.9 55.2
116.4 28.3 75.7 123.1 29.3 76.2 105.1 37.3 64.5 108.7 30.5 71.9 74.0
99.7 13.9 86.1 100.8 16.3 83.8 84 15.9 81.1 74 12.8 82.7 83.4
76.7 8.5 88.9 81.4 7.29 91.0 63.9 7.46 88.3 58 8.08 86.1 88.6
64.3 11.8 81.6 53.4 11.4 78.7 51.4 4.18 91.9 40 7.09 82.3 84.1
48.1 18.7 61.1 49.1 16.1 67.2 41.1 8.95 78.2 36.2 10 72.4 70.6
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstrea
m Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Cleaning 
efficiency 
(%)
Upstream 
Conc. 
(μg/cm3)
Downstream 
Conc. 
(μg/cm3)
Avg. 
Cleaning 
Efficiency 
(%)
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